Human papillomavirus type 18 (HPV18) is the second most common oncogenic HPV genotype, responsible for ϳ15% of cervical cancers worldwide. In this study, we constructed a full HPV18 transcription map using HPV18-infected raft tissues derived from primary human vaginal or foreskin keratinocytes. By using 5 rapid amplification of cDNA ends (RACE), we mapped two HPV18 transcription start sites (TSS) for early transcripts at nucleotide (nt) 55 and nt 102 and the HPV18 late TSS frequently at nt 811, 765, or 829 within the E7 open reading frame (ORF) of the virus genome. HPV18 polyadenylation cleavage sites for early and late transcripts were mapped to nt 4270 and mainly to nt 7299 or 7307, respectively, by using 3 RACE. Although all early transcripts were cleaved exclusively at a single cleavage site, HPV18 late transcripts displayed the heterogeneity of 3 ends, with multiple minor cleavage sites for late RNA polyadenylation. HPV18 splice sites/splice junctions for both early and late transcripts were identified by 5 RACE and primer walking techniques. Five 5 splice sites (donor sites) and six 3 splice sites (acceptor sites) that are highly conserved in other papillomaviruses were identified in the HPV18 genome. HPV18 L1 mRNA translates a L1 protein of 507 amino acids (aa), smaller than the 568 aa residues previously predicted. Collectively, a full HPV18 transcription map constructed from this report will lead us to further understand HPV18 gene expression and virus oncogenesis.
Cervical cancer is a leading cause of death for women in the developing world, with about 493,000 new cases and nearly 273,000 deaths each year (www.who.int/hpvcenter/en/). Oncogenic human papillomavirus (HPV) infection is widely recognized as a principal cause of cervical, penile, and anal cancers (62) . Among over 120 genotypes with human origin (3), infection with HPV16 and HPV18, the two most common oncogenic HPV types, leads to the development of ϳ70% of all cervical and other anogenital cancers (55, 62) . HPV18 alone accounts for more than 15% of all cervical cancer cases worldwide (14) . Persistent HPV16 infection is responsible for development of both cervical squamous cell carcinoma and adenocarcinoma. In contrast, persistent HPV18 infection is a preferential risk factor for the development of cervical adenocarcinoma (7, 10) .
HPVs are a group of small DNA viruses which have a high degree of conservation with respect to genome structure and organization as well as gene expression (44, 91) . The circular, double-stranded viral genome is approximately 8 kb in size and contains eight open reading frames (ORFs) which are all transcribed from the same strand. In general, the viral genome can be divided into three major regions: an early region, a late region, and a long control region (LCR) or a noncoding region (NCR). The early region is positioned in the 5Ј half of the virus genome and encodes six common ORFs (E1, E2, E4, E5, E6, and E7) with regulatory functions in viral replication, gene expression, and pathogenesis. The late region lies downstream of the early region and encodes the viral major and minor capsid proteins L1 and L2. The ϳ850-bp LCR spanning the segment between the end of the late region and the beginning of the early region has no coding function but contains the origin of viral DNA replication and transcription factor binding sites (2) .
HPVs infect the basal layer of a stratified squamous epithelium, and their life cycle is closely linked to keratinocyte differentiation. Thus, an organotypic raft culture system has been employed to recapitulate and investigate the productive HPV life cycle (22, 46, 50, 51, 83) . Expression of five (E1, E2, E5, E6, and E7) of the six viral regulatory proteins from the early region of the virus genome takes place in undifferentiated or intermediately differentiated keratinocytes in the basal/parabasal and spinous layers of the epithelium. In contrast, viral DNA replication, expression of E1 E4, L1, and L2, and assembly of virions occur exclusively in the upper spinous and more differentiated granular layers of the epithelium (23, 44) . This differential expression of viral early and late genes in oncogenic HPV infections is attributable to activation of a viral early promoter in undifferentiated keratinocytes and a viral late promoter in highly differentiated keratinocytes (30, 32, 36, 52, 83) .
Extensive RNA mapping and analysis of oncogenic HPV16-and HPV31-infected cells and raft tissues and nononcogenic HPV6 and HPV11 recovered from patient lesions have led to the establishment of a transcription map from each virus genome (1, 13) , which provides guidance for various HPV studies today. It is worth noting from the described transcription maps that each virus genome contains two major promoters. The early promoter P97 of HPV16 (77, 78) and P99 of HPV31 (33, 59 ) lie upstream of the E6 ORF and are responsible for the transcription of almost all viral early ORFs except E4. Although the viral late region is in the 3Ј half of the virus genome, the late promoter P670 of HPV16 (28) and P742 of HPV31 (33, 59) reside in the E7 ORF of the early region and are responsible for viral E4, L1, and L2 expression. Consequently, these transcription mappings have led to the conclusion that each transcript from the virus genome is bicistronic or polycistronic and undergoes extensive alternative RNA splicing and polyadenylation (13, 33, 58, 69, 91) . In contrast, little progress has been made in HPV18 transcription and gene expression in the context of virus infection after complete sequencing of the entire HPV18 genome (15) and successful mapping of an HPV18 early promoter P105 (68, 72, 81) . Although HPV18 ranks second of the most important oncogenic HPV types causing anogenital cancers, with preferential association with cervical adenocarcinoma, so far, there is no HPV18 transcription map to assist our understanding of HPV18 molecular biology, pathogenesis, diagnosis, and clinical management. In the present study, we analyzed the expression of HPV18 early and late genes by using HPV18-infected raft tissues derived from human keratinocytes. We identified a new promoter, P55, for the expression of HPV18 early ORFs and a late promoter in the E7 ORF region for the late ORF expression in addition to the mapping of viral RNA splice junctions and polyadenylation cleavage sites.
MATERIALS AND METHODS
Cells and raft tissues. Human foreskin keratinocytes (HFKs) or vaginal keratinocytes (HVKs) maintaining episomal HPV18 genomic DNA were cultured with E media in the presence of mitomycin C (4 g/ml)-treated J2 3T3 feeder cells as previously described (51) . Raft cultures derived from HPV18-immortalized HVKs or HFKs or HPV18-infected HFKs without immortalization by Cre-mediated recombination were prepared as described previously (47, 83) . Differentiation of HPV18-infected HFKs in monolayer cultures reaching 90% confluence was induced in the presence of 1.5 mM calcium chloride (54) . HPV18 ϩ HeLa cells from the American Type Culture Collection (ATCC, Manassas, VA) were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C and 5% CO 2 .
PCR and reverse transcription (RT)-PCR. DNA was extracted from HPV18-infected HFKs or HVKs in monolayer cultures and raft tissues using a QIAamp DNA blood minikit (Qiagen, Gaithersburg, MD). Total RNA was extracted from the cells described above using TRIzol reagent (Invitrogen), followed by treatment with RQ1 DNase I (Promega, Madison, WI) for 5 min at 37°C, heat inactivation, and precipitation. The gene-specific primers (Fig. 1A) were designed according to the HPV18 ORFs previously assigned (15) , are listed in Table S1 in the supplemental material, and were used for detection of the following products: oZMZ252 (Pr121) and oZMZ229 (Pr967) for E1, oZMZ252 and oZMZ253 (Pr850) for E6 DNA and mRNA, oXHW45 (Pr3599) and oXHW44 (Pr5793) for L1 mRNA, and oXHW47 (Pr5487) and oXHW48 (Pr5935) for L2 mRNA. Primers oZMZ269 (5Ј-GTCATCAATGGAAATCC CATCACC-3Ј) and oZMZ270 (5Ј-TGAGTCCTTCCACGATACCAAA-3Ј) were used for detection of GAPDH RNA.
Northern blot analysis. Each sample containing 1 g of the poly(A) ϩ RNA from HFK-derived, 16-day-old rafts with or without HPV18 infection was mixed with NorthernMax formaldehyde load dye (Ambion, Austin, TX) and denatured at 75°C for 15 min. The samples were then separated in 1% (wt/vol) formaldehyde-agarose gels in 1ϫ morpholinepropanesulfonic acid running buffer and then transferred onto a GeneScreen Plus hybridization transfer membrane (Perkin Elmer, Fremont, CA) and immortalized by UV light. The membrane was prehybridized with PerfectHyb Plus hybridization buffer (Sigma, St. Louis. MO) for 2 h, and then hybridization was carried out for 24 h at 42°C. The [␣- 32 P]ATPlabeled L1/L2-specific probe transcribed from a DNA template prepared by PCR using the primer pair oXHW98 and oXHW99 (see Table S1 in the supplemental material) was used to detect HPV18 L1 and L2 transcripts. The [␣- 32 P]dCTPlabeled, E4-specific probe prepared using a DECA Primer II random primed DNA labeling kit (Ambion) from a PCR template amplified by a primer pair oXHW91 and oXHW42 (Table S1 ) was used to detect HPV18 E4 transcript. Cyclophilin RNA was used as an internal loading control, and its probe was labeled as described above using a cyclophilin DNA template provided by the DECA Primer II random primed DNA labeling kit.
Western blot analysis. Protein samples were prepared by direct lysis of 10-day-old raft tissues in 2ϫ RIPA buffer by homogenization and followed by centrifugation. The supernatant was mixed with 2ϫ SDS protein sample buffer containing 5% 2-mercaptoethanol, denatured by heating at 90°C for 5 min, and separated in a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen) in 1ϫ NuPAGE MES SDS running buffer. After transfer, the nitrocellulose membrane was blocked with 5% nonfat milk in Tris-buffered saline (TBS) for 1 h at room temperature. After rinsing with TBS, the membrane was incubated overnight at 4°C with HPV Ab-3 (clone K1H8) mouse monoclonal antibody (Thermo Scientific, Fremont, CA) to detect HPV18 L1. The membrane was washed 3 times with TTBS (TBS with the addition of Tween 20 at a final concentration of 0.1% [vol/vol] ). Horseradish peroxidase-labeled goat-anti mouse secondary antibody (Sigma) diluted in 1:5,000 in TTBS was incubated for 1 h at room temperature. After three washes with TTBS, the immunoreactive proteins were detected with enhanced chemiluminescence substrate (Pierce, Rockford, IL). The signal was captured on X-ray film. Before being reprobed with ␤-tubulin antibody, the membrane was stripped with Restore Western blot stripping buffer (Pierce) according to the manufacturer's instructions and blocked with 5% nonfat milk in TBS.
5 and 3 RACE. 5Ј and 3Ј rapid amplification of cDNA ends (RACE) assays were carried out to amplify the ends of HPV18 transcripts using a Smart Race cDNA amplification kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. Total RNA or poly(A)-selected RNA (1 g/reaction) from HeLa cells or HPV18-infected rafts at day 8, 10, or 16 were used as templates. The following primers (see Table S1 in the supplemental material) were used for RACE: oXHW86 (Pr233) for 5Ј RACE to map HPV18 start sites for early transcripts, oZMZ253 (Pr850) and oZMZ433 (Pr904) for 5Ј RACE to map HPV18 start sites for late transcripts, and oXHW90 (Pr3976) and oXHW97 (Pr7038) for 3Ј RACE to map HPV18 polyadenylation sites for respective early and late transcripts. Primer oXHW38 (Pr3517) and Primer oXHW44 (Pr5793) were also used for 5Ј RACE to identify HPV18 splice junctions and other potential promoters in the early and late regions of the virus genome. Each RACE product was gel purified, cloned, and sequenced.
RESULTS
Productive HPV18 infection of human keratinocyte-derived rafts. To initiate HPV18 transcription mapping, two sets of HPV18-infected HFK or HVK rafts were used. In one approach, HFKs and HVKs were transfected by electroporation of EcoRI-linearized HPV18 genome and the transfected keratinocytes were grown in monolayer and raft cultures as described previously (47) . The linearized HPV18 genomes in the transfected cells self-ligated and became circular episomal forms, presumably by a cellular DNA repair mechanism. In another approach, HFKs were cotransfected with HPV18 genome containing a loxP-Neo-loxP insert between nucleotide (nt) 7473 and nt 7474 and a Cre expression vector in the presence of FuGene 6. The extrachromosomal HPV18 genomic plasmid generated by Cre-mediated recombination in the transfected HFKs has a 34-bp loxP insert between nt 7473 and nt 7474 (83) . Total cell DNA and RNA were extracted from HPV18 transfected keratinocytes grown in monolayers and raft tissues to determine viral productive infection and to map HPV18 transcription. We found that the Cre-mediated recombinant HPV18 genome is identical to the wild-type (wt) HPV18 genome in viral gene expression and infectious virus production, as reported (83) . Both raft systems gave similar VOL. 85, 2011 FULL HPV18 TRANSCRIPTION MAP 8081
and reproducible results in HPV18-infected HFKs and HVKs. The transfected HVKs in both monolayer and raft cultures at the tested passages contained HPV18 DNA (Fig. 1B) and expressed viral early transcripts as exemplified by RT-PCR detection of both spliced and unspliced E6 RNAs (Fig. 1C ). As expected, viral late transcripts, L1 and L2, were detectable only from raft tissues derived from HPV18-infected HVKs and HFKs by RT-PCR ( Fig. 1D ) and by Northern blotting (Fig.  1E ). We further confirmed HPV18 L1 expression in the infected HVK raft tissues by Western blotting (Fig. 1F) . The raft Total RNA from HFK-derived, 16-day-old raft tissues with or without HPV18 infection was examined for E4, L2, and L1 mRNAs by Northern blotting with a 32 P-labeled E4 probe (nt 3437 to 3619) or L1/L2 probe (nt 5777 to 5939). Cyclophilin mRNA served as a loading control. (F) L1 protein expression in HPV18-infected, 10-day-old HVK (HVK18) raft tissues. Cell lysates in RIPA buffer prepared from the HVK-derived (at passage 11) raft tissues with or without HPV18 infection were analyzed by Western blotting. ␤-tubulin served as a loading control. tissues at day 10 or older were used in this study for detection of HPV18 late gene expression because viral L1 is not detectable in day 8 or younger rafts by immunohistochemical staining (83, 84) . Together, these data indicate that both HPV18-infected HFK and HVK rafts supported productive HPV infection and were equally suitable for the construction of an HPV18 transcription map.
Mapping of HPV18 transcription start sites (TSS) for early and late transcripts. Total cell RNA extracted from HPV18-infected, 8-day-old rafts containing an episomal viral genome or HPV18
ϩ HeLa cells containing an integrated HPV18 genome was used for mapping of early transcript TSS by 5Ј RACE in the presence of a virus-specific antisense primer, Pr233 ( Fig. 2A) . We included HeLa cell RNA for comparison because the initial TSS mapping of HPV18 E6E7 using primer extension and S1 digestion was carried out in HeLa cells (72) . As shown in Fig. 2A , two 5Ј RACE products were found from both RNA preparations, suggesting that viral early transcripts are initiated from two different TSS. Following gel purification, cloning, and sequencing, we found that viral early transcription was started at a purine A or G as reported in eukaryotes (8) . The majority of the product 1 from HPV18-infected rafts initiated at nt 102 (13/28 clones). Two alternative TSS at nt 100 (8/28 clones) or nt 105 (6/28 clones) were also present. HeLa cell product 1 initiated at nt 105 (7 out of 12 clones) as described previously (68, 72, 81) and at nt 100 (4 out of 12 clones). A scattered initiation site from the product 1 was also detected at nt 92 in HPV18 rafts and at nt 90 in HeLa cells. Cloning and sequencing of the product 2 showed a TSS primarily at nt 55 both in HPV18-infected rafts (7/8 colonies) and in HeLa cells (7/8 colonies), with only one scattered TSS at nt 100 (raft) or at nt 70 (HeLa). Analyses of the region 5Ј to each TSS showed a TATA box (a eukaryotic core promoter motif) 27 bp upstream of the nt 55 TSS and 25 bp upstream of the nt 102 TSS, suggesting that the mapped TSS are authentic. In a separate 5Ј RACE experiment by using a primer in the E4 ORF on an RNA preparation from HPV18-infected, 10-dayold rafts, we also determined the early TSS in 10 bacterial clones, with 7 at nt 102, 2 at nt 105, and 1 at nt 100 but none at nt 55 in the virus genome.
We next wished to map the TSS for viral late transcripts of HPV18. Given that the TSS of both HPV16 and HPV31 late transcripts were mapped to nt 670 (28) and nt 742 (58), respectively, in the corresponding viral E7 ORFs, we performed a 5Ј RACE with an HPV18-specific primer at nt 850 or 904 using poly(A) ϩ total RNA extracted from 16-day-old, HPV18-infected HFK rafts or from HPV18-infected HFKs in monolayer cultures in the presence of calcium. The detected 5Ј RACE product in these reactions was a broad band between ϳ100 and ϳ150 bp in size (Fig. 2B) . Following gel purification and cloning, we randomly sequenced 51 bacterial colonies, of which 22 were from the Pr850 5Ј RACE product and 29 from the Pr904 5Ј RACE product from HPV18-infected HFK rafts. We found that the late TSS of HPV18 in HFK rafts mapped to multiple positions in the E7 ORF. As shown in Fig. 2B , mapped viral TSS included 9 colonies with a start site at nt 765, 6 at nt 806, 14 at nt 811, 6 at nt 814, and 8 at nt 829; other scattered TSS not in Fig. 2B were 3 at nt 800, 1 at nt 808, 2 at nt 821, 1 at nt 826, and 1 at nt 840. Consistent with this, mapped viral TSS in HPV18-infected HFKs in monolayer cultures in the presence of 1.5 mM calcium chloride after sequencing of 11 bacterial colonies were 1 at nt 674, 2 at nt 765, 1 at nt 772, 1 at nt 800, 4 at nt 806, and 2 at nt 829. All of the mapped TSS started with an A or G (Fig. 2B) . Therefore, we concluded that the majority of HPV18 late transcripts have a TSS around nt 811. Analysis of the 5Ј region to the nt 765, 811 or 829 start site revealed no consensus TATA or TATA-like box, which perhaps accounted for the heterogeneity of the late TSS. The heterogeneity of the late TSS is common in HPV16, HPV31, HPV6, and HPV11 late transcription (13, 28, 34, 56, 60, 85) .
Mapping of HPV18 polyadenylation cleavage sites for early and late transcripts. RNA polyadenylation of adding a poly(A) tail of ϳ150 to 200 adenosine residues at the RNA 3Ј end is an important posttranscriptional step in gene expression. RNA transcripts without a poly(A) tail are degraded or not efficiently exported to the cytoplasm. Efficient RNA polyadenylation requires at least two cis elements, a poly(A) signal (PAS) AAUAAA and a U/GU-rich motif downstream, and five polyadenylation machinery components to interact with these two cis elements (53, 88) . Additional auxiliary elements flanking PAS and U/GU motifs are regulatory elements for efficient RNA 3Ј processing (27, 64, 87) . As HPV18 has a putative early PAS downstream of the viral E5 ORF at nt 4235 in the virus genome (Fig. 1A) , we wished to determine whether this PAS is authentic in addition to mapping the cleavage site of the viral early transcripts for poly(A) addition. Poly(A) ϩ total mRNA isolated from HPV18-infected rafts was analyzed by 3Ј RACE using an HPV18 E5-specific primer, Pr3976. Following gel purification, cloning, and sequencing of a 3Ј RACE product of ϳ400 bp (Fig. 3A) , we found that all 7 sequenced bacterial colonies exhibited a product with a 3Ј end at nt 4270, 30 nt downstream of the putative nt 4235 PAS, indicating that HPV18 early transcripts were cleaved at the nt 4270 for RNA polyadenylation using the nt 4235 PAS AAUAAA. Analysis of the region 3Ј to this cleavage site shows a GU-rich element with four overlapping U/GU motifs (from nt 4334 to 4339), highly conserved recognition sites of CSF (cleavage stimulation factor) in RNA polyadenylation (26, 53) .
From the analysis of the HPV18 genome sequence, we predicted a putative PAS AAUAAA at nt 7278 for polyadenylation of viral L2 and L1 transcripts (Fig. 1A) . This putative PAS is positioned 141 nt downstream of the L1 ORF. Using 3Ј RACE, we analyzed poly(A) ϩ total RNA prepared from HPV18-infected rafts with L1-specific primer Pr7038 for mapping the polyadenylation cleavage site of viral late transcripts. Following gel purification and cloning of 3Ј RACE products of ϳ320 bp, we sequenced 34 bacterial colonies and found the usage of multiple cleavage sites for polyadenylation of HPV18 late transcripts. Among the mapped cleavage sites, 26 were mapped to a pyrimidine U or C, with nt 7299 and nt 7307 being the two most common cleavage sites (38% in total) followed in frequency by nt 7294, 7297, and 7306 (38% in total). The 5Ј-most cleavage site of the late transcripts was mapped to a U at nt 7294, 11 nt downstream of the putative late PAS. nt 7307 is the 3Ј-most cleavage site, 24 nt downstream of the late PAS. Thus, heterogeneity of the late transcript cleavage sites spanned a short region from nt 7294 to nt 7307. Analysis of the sequences 3Ј to the nt 7307 cleavage site showed multiple U/GU motifs, featuring five tandem U/GU motifs from nt 7341 (11, 13, 58, 69, 91) , we hypothesized that HPV18 RNA transcripts would be structurally similar. Both 5Ј RACE and primer walking RT-PCR using poly(A) ϩ total mRNA extracted from HPV18-infected rafts were used to identify possible splice sites being used in production of ϩ total RNA isolated from 8-day-old, HPV18-infected rafts (raft). 5Ј RACE on total RNA from HeLa cells was used as a control. The RACE product 1 and product 2 were gel purified, cloned, and sequenced. The sequence below the gel with arrows shows identified TSS (boldface) from product 1 and product 2, with the start site named by its nucleotide position in the virus genome in HPV18 rafts (above the sequence) or HeLa cells (below the sequence). Heavier arrows indicate a TSS predominantly found in a sequenced RACE product. The E6 initiation codon AUG is italic. Boldface and underlined sequences are TATA boxes upstream of TSS. (B) Mapping of HPV18 TSS for late transcripts. 5Ј RACE was performed with an HPV18-specific primer, Pr850 or Pr904, on total poly(A) ϩ mRNA isolated from 16-day-old, HPV18-infected HFK rafts (raft) or from HPV18-infected HFKs in monolayer cultures (mono) in the presence of 1.5 mM calcium chloride for 48 h. Other details are as described for panel A.
HPV18 early and late transcripts. As shown in Fig. 4A , 5Ј RACE with antisense primer Pr3517 in the E4 ORF produced seven visible RACE products, dominating with product 1, product 2, and product 6. Gel purification, cloning, and sequencing of each RACE product enabled us to identify the splice junctions from viral early or late transcripts. Product 1 did not contain specific HPV18 sequence and disappeared in another RNA preparation. Product 2, of ϳ250 bp, comprised mixed products derived primarily from early transcripts using P102 with a splice junction of nt 233/3434 and late transcripts from P811/P829 with a splice junction of nt 929/3434. A minor transcript initiated at nt 1202 was also found to have a splice FIG. 3 . Mapping of HPV18 polyadenylation cleavage sites for early and late transcripts. (A) Mapping of HPV18 early polyadenylation cleavage site. 3Ј RACE was conducted with an HPV18-specific primer, Pr3976, on poly(A) ϩ total mRNA isolated from 16-day-old, HPV18-infected rafts. RACE products were gel purified, cloned, and sequenced. A sequence reading below the gel shows the early PAS and a mapped cleavage site of early transcripts. Below the sequencing reading is the HPV18 sequence surrounding the 4235 PAS (bolded), with the sequences underlined for putative UGUA motifs, a mapped cleavage site (italic) and putative U/GU motifs. (B) Mapping of HPV18 late polyadenylation cleavage sites. 3Ј RACE was performed with an HPV18-specific primer, Pr7038, on the same poly(A) ϩ total mRNA used for mapping of the cleavage site of early transcripts in panel A. The RACE products were gel purified, cloned, and sequenced. A sequence reading below the gel shows the late PAS and a representative of the mapped late cleavage site. Below the sequencing reading is the HPV18 sequence surrounding the 7278 PAS (boldface), with the sequences underlined for putative UGUA motifs, the mapped major cleavage sites (italic), and putative U/GU motifs. Arrows show a mapped cleavage site relative to the last nucleotide of the late PAS and its frequency (number of clones) of usage in late polyadenylation. Not shown is a mapped cleavage site at nt 7295 cloned only once in this experiment. ϩ mRNA isolated from HPV18-infected, 10-day-old rafts using an HPV18-specific primer, Pr3517. Multiple RACE products were gel purified, cloned, and sequenced. Shown below 5Ј RACE products 1 to 7 are the splicing junctions identified by sequencing. (B and C) Identification of HPV18 splice junctions by primer walking RT-PCR. The primer walking RT-PCRs were performed on total RNA isolated from HPV18-infected rafts using three different pairs of HPV18-specific primers (Pr3599 plus Pr5793, Pr5939, or Pr5628) (B) and one additional pair of HPV18-specific primers Pr822 and Pr5939 (C). Products 1 to 4 (B) and product 1 (C) were gel purified, cloned, and sequenced. Product 2 in panel C is a double-spliced L1 mRNA as diagrammed on the gel's right, with heavy lines for exons, thin lines for introns, and dashed lines for splicing directions. Arrows below the line diagram are primer positions. Shown below the gels in panels B and C are the corresponding splicing junctions identified by sequencing. junction of nt 1357/3434. Product 3, of ϳ300 bp, and product 4, of ϳ430 bp, were late transcription products with a splice junction of nt 929/3434 from either P765 or a minor TSS at nt 586. Product 5, of ϳ600 bp, contained mixed late transcription products initiated occasionally at nt 459 or 498 with a splice junction of nt 929/3434. Product 6, of ϳ760 bp, was doublespliced early transcripts from P102 with two splice junctions of nt 233/416 and nt 929/3434. Product 7, of ϳ930 bp, comprised mainly early transcripts from P102 with a single splice junction of nt 929/3434 or nt 929/3465 and had no E6 intron splicing. A minor transcript spliced from nt 929 to nt 2779 was also detected from product 7. In total, six splice junctions were identified by this approach. Although the majority of the 5Ј RACE products were spliced from nt 233 to 416 and/or nt 929 to 3434, others were spliced from nt 233 to 3434 or from nt 929 to 3465. The 5Ј RACE products with a splice junction of nt 929/2779 or nt 1357/3434 were detectable but rare. This conclusion was confirmed by multiple 5Ј RACE experiments using a different gene-specific primer or by primer walking RT-PCR in the early region of the HPV18 genome.
The splice junctions for the HPV18 late transcripts were also mapped by primer walking RT-PCR using a forward primer, Pr3599, within the E4 ORF, in combination with backward primers, Pr5628, Pr5793, or Pr5939, from different positions within the L1 ORF. Using poly(A) ϩ total RNA isolated from 16-day-old, HPV18-infected rafts, we found that the majority of late transcripts were spliced from nt 3696 to 5613 (Fig. 4B , products 2 and 3 in lanes 2 and 4). This splice junction could be verified by using a backward splice junction primer, Pr5628, of which the 3Ј end has 2 nt identical to nt 3696 to 3695 (Fig. 4B , product 4 in lane 6). In addition, a smaller RT-PCR product (Fig. 4B , product 1 in lane 2) detected with a primer pair of Pr3599 and Pr5793 was identified by sequencing as a product spliced from nt 3786 to 5776. This minor transcript was detectable only with a primer pair of Pr3599 and Pr5793 because the 3Ј-end 3 nt of Pr5793 are identical to the sequences from nt 3786 to 3784 and thereby the Pr5793 can function as a splice junction 3786/5776 primer.
To provide further evidence that the splice junction of nt 3696/5613 is used for transcriptional products from the viral late promoters, forward primer Pr822 within the E7 ORF, downstream of the major late promoter P811, was used in primer walking RT-PCR in combination with Pr5939. Two major RT-PCR products with sizes of ϳ433 bp (product 1) and ϳ695 bp (product 2) were detected from poly(A) ϩ total RNA isolated from 16-day-old, HPV18-infected rafts (Fig. 4C, lane 2) . The size of product 1 was equivalent to a single spliced product of nt 929/5613, and product 2 was a double-spliced product of nt 929/3434 and nt 3696/5613. The product spliced from nt 929 to nt 5613 was confirmed by gel purification, cloning, and sequencing (Fig. 4C) . Together with the data in Fig. 4B , the primer walking RT-PCR strategies were able to identify three additional splice junctions within viral late transcripts.
HPV18 sequences within each splice junction are classical eukaryotic introns with splice sites highly conserved in other members of papillomaviruses. We analyzed the sequences within each splice junction and found that these sequences contain a 5Ј GU dinucleotide (5Ј splice site or donor site) and a 3Ј AG dinucleotide (3Ј splice site or acceptor site) characteristic of an eukaryotic intron (90). Thereby, three major introns spanning over the entire HPV18 genome were identified, with each having an alternative 5Ј or 3Ј splice site, as seen in the HPV16 or HPV31 genome (34, 91) . Accordingly, the HPV18 genome contains at least five major 5Ј splice sites and six major 3Ј splice sites to facilitate RNA splicing of viral early and late gene transcripts.
Each intron has at least three cis elements: a 5Ј splice site, a branch site, and a 3Ј splice site with a run of 15 to 40 pyrimidines upstream. However, other sequences upstream of the 5Ј splice site and downstream of the 3Ј splice site are also important in the U1 recognition of the 5Ј splice site and the U2 and U2AF recognition of the 3Ј splice site (90, 92) . To further validate the identified HPV18 5Ј splice sites and 3Ј splice sites, we compared the exon-intron boundary sequences of each 5Ј splice site and 3Ј splice site identified in the HPV18 genome with the corresponding sequences of all known 5Ј splice sites and 3Ј splice sites in BPV-1, HPV16, HPV31, and HPV11 by Pictogram (http://genes.mit.edu/pictogram.html). As shown in Fig. 5 , the HPV18 5Ј splice sites and 3Ј splice sites we identified are highly conserved in all mapped papillomaviral splice sites. In this regard, the five HPV18 5Ј splice sites are most closely homologous to the four HPV16 5Ј splice sites. All six HPV18 3Ј splice sites are similar to other 3Ј splice sites identified from BPV-1, HPV16, HPV31, and HPV11 and have an upstream suboptimal polypyrimidine track interspersed by purines. However, their exon boundaries are not identical and contain either purine A or purine G or even occasionally a pyrimidine C or T. These data indicate that these 3Ј splice sites are suboptimal and would not facilitate a strong recognition by RNA splicing machinery, consequently leading to selection of an alternative 3Ј splice site during RNA splicing. This conclusion is consistent with the findings that the nt 233 5Ј splice site could be alternatively spliced to a nt 416 or nt 3434 3Ј splice site and the nt 929 5Ј splice site to a nt 3434, nt 3465, or even nt 5613 3Ј splice site.
Construction of a full HPV18 transcription map. Based on the mapping results of TSS, polyadenylation cleavage sites, and RNA splice sites of HPV18 early and late transcripts, we constructed a full transcription map of the HPV18 genome. As shown in Fig. 6 , there are three major introns spanning over the entire HPV18 genome. Viral early transcripts are started either at nt 55 or at nt 102 and are polyadenylated at nt 4270 using a PAS at nt 4235. Viral late transcripts start commonly at nt 811 but also can use several other start sites, similar to what has been observed in HPV16 and HPV31. Viral late transcripts are commonly polyadenylated at nt 7299 or nt 7307 using a PAS at nt 7278. The majority of abundant viral early and late transcripts have three exons and two introns, with the 5Ј portion of the viral late transcripts overlapping with the 3Ј portion of the viral early transcripts. The transcripts were alternatively spliced, and the coding capacities of each RNA species may be inferred from the ORF included in the mRNA (Fig. 6 ).
Viral early transcripts have an intron from nt 234 to 415 in the E6 ORF and a second intron from nt 930 to 3433 spanning over almost the entire E1 ORF and part of the E2 ORF, depending on which alternative 3Ј splice site is chosen. Splicing of the first intron (182 nt) and the second intron (2,504 nt) from viral early transcripts would remove the E6, E1, and E2 ORFs but not affect the expression of E7 and E5 positioned separately in the second and third exons. However, both the 5B ) and can potentially escape from splicing, resulting in intron retention (no splicing) or alternatively select a 3Ј splice site downstream, which can lead to production of several minor spliced isoforms of viral early transcripts. Virtually all the spliced species are analogous to those previously described for other papillomaviruses (1, 12) . We identified viral early transcripts with retention of the first intron to allow E6 expression and/or alternative 3Ј splice site selection of the second intron. An early transcript with the second intron retention but lacking the first intron (Fig. 6 , RNA B) was also identified by RT-PCR using a primer downstream of the nt 929 5Ј splice site (Fig. 7A , lane 2), indicating that RNA B might be an E1 transcript. It is worth pointing out that there are only 6 nt between the E7 termination codon and the E1 initiation codon. This spacing between two ORFs is not favorable for translation reinitiation of E1 but may favor a discontinuous scanning mechanism for E1 expression (67) . In this transcription map, the late transcripts have the first intron spliced out and the majority of them exhibit splicing of the second intron from nt 3696 to 5613, which is spliced right to an initiation codon to encode L1 (Fig. 6 ), comparable to HPV16 L1 (91) . Thus, the upstream AUG from nt 5430 (15) is excluded from L1 mRNA by viral RNA splicing. Previous studies had expressed HPV18 L1 by exclusion of the nt 5430 AUG to form a virus-like particle (63) or to crystallize L1 capsomeres for structure analysis (4). Moreover, a small fraction of the late transcripts may be spliced from nt 3786 to 5776 (Fig. 4B, product 1 ) with potential to encode a truncated or small L1 in frame (Fig. 6, RNA N) . Using RT-PCR with a forward primer upstream of the nt 5613 3Ј splice site in combination with a backward primer downstream of the nt 5613 3Ј splice site, we also identified a proportion of the late transcripts retaining the second intron (Fig. 1D, RT-PCR3; Fig.  7B, lanes 3 and 5) for L2 expression (Fig. 6, RNA L) . Similar to HPV11, HPV16, and HPV31 (1, 12) , the majority of viral late transcripts are E1 E4 transcripts containing only one intron and having RNA polyadenylation at nt 4270 by using an early PAS at nt 4235.
DISCUSSION
In this study, we demonstrated that HPV18 employs two early promoters, P55 and P102 or P105, for viral early gene expression. The usage of two promoters in the expression of viral early transcripts is comparable in HPV18-infected raft tissues with an episomal virus genome and in HPV18 ϩ HeLa cells bearing an integrated HPV18 genome. Despite the fact that each promoter has a TATA box upstream of a TSS, P55 appears stronger than P102 in rafts and P105 in HeLa cells in initiation of RNA transcription. These features of P55 make its transcripts different from those of newly described promoter upstream transcripts (65) and a previously reported TSS around nt 30 of the HPV18 genome driving the expression of a CAT gene (81) . The heterogeneity of TSS at P105 observed in HeLa cells was reported in an early study by primer extension (72) and could be attributed to the presence of five CpG islands in the promoter region (9) .
A greater heterogeneity of transcription initiation was found in the HPV18 late promoter, characteristic of a broad distribution with a dominant TSS. In contrast to viral early promoters, the sequences within the ϳ100-bp region upstream of the identified late promoter, P811, do not have a canonical TATA box. A deduced late promoter with a sequence of TATG (5Ј.. TGTTGTGTATGTGTTGTAA..3Ј) is positioned 29 nt upstream of the P811. This is not a surprise, because viral late gene transcription in HPV16 (28) and many other viruses (5, 31, 38, 49, 73, 80, 86) is usually driven by an unconventional, TATA-less promoter. In HPV16, viral late gene transcription is initiated in general at nt 670, but other minor start sites at nt 693, 706, 713, and 766 were also mapped by primer extension (28) . We are intrigued by the identification of promoter P55 as it lies in the viral replication origin (18, 19, 43, 66) . In HPV16, a P14 promoter in the origin of viral replication has been recently identified to initiate viral E1 transcripts (41) . Conceivably, viral DNA replication creating a replication fork at the origin would separate two strands of the P55 promoter, thereby inactivating the P55 promoter and leaving the P102 promoter as the only one to function. This hypothesis is an area for further investigation.
In eukaryotes and viruses, 3Ј-end cleavage of transcripts and polyadenylation are tightly coupled nuclear events and are triggered by recognition of two primary RNA elements by the cellular polyadenylation machinery involving ϳ85 proteins (76) . These RNA elements include a highly conserved PAS hexamer (AAUAAA or its variants [82] ), 10 and 30 nt upstream of the actual cleavage for binding of cleavage and polyadenylation specificity factor (CPSF), and a U/GU-rich element located ϳ30 nt downstream of the cleavage site for binding of CstF (cleavage stimulation factor). Other auxiliary elements upstream of AAUAAA or downstream of U/GU, such as an element of UGUA for binding of cleavage factors CFIm and CFIIm, are regulatory elements for stable CPSF binding and cleavage efficiency of CPSF-73 (6, 20, 37, 45, 71, 87) . These RNA-protein interactions with partition of poly(A) FIG. 6 . Full transcription map of HPV18 in keratinocytes with productive viral infection. The bracket line in the middle of the panel represents a linear form of the virus genome for better presentation of head-to-tail junction, promoters (arrows), early (AE) and late (AL) PAS, and mapped cleavage sites (CS). The ORFs (open boxes) are diagrammed above the bracket, and the numbers above each ORF (E6, E7, E1, E2, E5, L2, and L1) are the positions of the first nucleotide of the start codon and the last nucleotide of the stop codon assigned to the HPV18 genome according to a previous report (15) and our results from this study. The E1 E4 and E8 E2 ORF span over two exons with the nucleotide positions indicated. Because the first AUG of E1 E4 and E8 E2 is positioned in the first exon, formation of an intact E1 E4 or E8 E2 ORF requires RNA splicing (dashed lines). LCR indicates a long control region. Below the bracket line are the RNA species derived from alternative promoter usage and alternative RNA splicing. Exons (heavy lines) and introns (thin lines) are illustrated for each species of the RNA, with the mapped splice site positions being numbered by nucleotide positions in the virus genome. Coding potentials for each RNA species are shown on the right. RNA G was not detected in this study but was reported in another study (51 (45, 70) . In this report, we mapped the cleavage sites of both viral early and late transcripts for RNA polyadenylation and demonstrated that viral early transcripts are polyadenylated exclusively at nt 4270 by using a PAS at nt 4235, but viral late transcripts are polyadenylated at multiple sites, with nt 7297 and 7307 sites being preferred, by using a PAS at nt 7278. The 3Ј-end heterogeneity of HPV18 late transcripts appears to be unrelated to a series of UGUA motifs upstream of the nt 7278 late PAS. These motifs are in general responsible for CFIm binding and polyadenylation efficiency (6, 20, 37, 71, 87) . Analyses of the 80-nt sequences 5Ј to the nt 7278 late PAS showed that this region contains five UGUA motifs (Fig. 3B) . Similarly, there are six UGUA motifs in the same region upstream of the nt 4235 early PAS (Fig. 3A) . However, the sequence 5Ј to the late PAS or 3Ј to late poly(A) cleavage sites has a potential U1 binding site (a cryptic 5Ј splice site) from nt 7217 to 7225 upstream of the PAS and four putative overlapped U1 binding sites (nt 7292 to 7302, nt 7300 to 7310, nt 7309 to 7319, nt 7321 to 7331) downstream of the late cleavage sites. Previous studies indicated that the presence of a U1 binding site in the 3Ј untranslated region of BPV-1, HPV16, and HPV31 suppresses RNA polyadenylation of viral late transcripts (16, 17, 21, 25) via its interaction with U1, U2AF 65 , CstF64, HuR, and SF2/ASF (29, 39, 48) . In contrast, the presence of a U-rich element upstream and six G triplets downstream of the HPV16 early PAS promotes polyadenylation of viral early transcripts (57, 89) . Whether the similar structures upstream and downstream of the HPV18 early PAS play a role as described in HPV16 remains to be understood.
Mapping of RNA splicing junctions in each species of HPV18 transcripts led us to identify all major 5Ј and 3Ј splice sites in both viral early and late transcripts. These 5Ј splice sites and 3Ј splice sites are highly conserved splice sites among all mapped HPVs (1, 12, 13, 24, 33, 34, 58, 61, 69, 74, 75, 91 ). These data, together with the mapping data of TSS and polyadenylation sites, provide a basis for us to construct an HPV18 transcription map. In this transcription map, we provide the direct RNA evidence that HPV18 E1 mRNA is a partially spliced mRNA without an intact E6 ORF upstream, HPV18 E4 mRNA is a spliced E1 E4 mRNA transcribed from viral late promoter P811, and HPV18 L1 mRNA initiates its translation from the nt 5613 AUG during virus infection, and thus, the encoded L1 consists of 507 amino acid (aa) residues, 61 aa residues shorter than the one originally predicted (15) (see Fig.  S1 in the supplemental material). In addition, we identified a spliced transcript starting from nt 1202, and this spliced transcript might encode a 171-aa E8 E2 (E2C) by analogy to other papillomaviruses (11, 35, 40, 42, 69, 79) . Altogether, we believe this carefully mapped landscape of HPV18 transcripts will provide a solid foundation for future understanding of HPV18 molecular biology, pathogenesis, and prevention. FIG. 7 . Identification of HPV18 E1 and L2 transcripts. (A) Identification of HPV18 E1 transcript by RT-PCR. RT-PCR was performed on total RNA isolated from 10-day-old rafts derived from HPV18-infected keratinocytes at passage 3 using a primer pair of Pr121 and Pr967. The diagram on the right shows E1 RNA structure (heavy line, exons; thin lines, introns), RNA splicing direction and the locations of the E1 ORF and the primers used in the assay. (B) Identification of HPV18 L2 transcript by RT-PCR. RT-PCR using primers Pr5487 and Pr5935 was performed on total RNA isolated from 10-dayold, HPV18-infected rafts derived from HVK cultures at passages 11 and 18. The diagram on the right shows L2 RNA structure, RNA splicing direction, and the locations of the L2 ORF and the primers used in the assay.
